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Abstract 

Carbon  Nano  Fibers  (CNFs)  coated  with  LiFeP04  particles  have  been  prepared  by  a  non-aqueous  sol-gel  technique.  The  functionalization  of 
the  CNFs  by  HN03  acid  treatment  has  been  confirmed  by  Raman  and  XPS  analyses.  The  samples  pure  LiFeP04  and  LiFeP04-CNF  have  been 
characterized  by  XRD,  SEM,  RAMAN,  XPS  and  electrochemical  analysis.  The  LiFeP04-CNF  sample  shows  better  electrochemical  performance 
compared  to  as-prepared  LiFeP04.  LiFeP04-CNF  (10  wt.%)  delivers  a  higher  specific  capacity  (~140mAhg_1)  than  LiFeP04  with  carbon  black 
(25  wt.%)  added  after  synthesis  (~  120  mAh  g-1)  at  0.1C. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  commercially  used  cathode  material  LiCoC>2  in  lithium- 
ion  batteries  is  associated  with  problems  such  as  high  cost, 
toxicity,  and  safety  risks  in  large  scale  applications  which  cre¬ 
ated  a  paramount  need  for  an  alternative  cathode  candidate  [1]. 
Recently  lithium  3d-metal  orthophosphates  have  gained  a  sub¬ 
stantial  interest  as  positive  cathode  materials  [2-5].  Among  the 
orthophosphates  LiFeP04  exhibits  several  properties  such  as 
environmental  friendliness,  low  price,  non-toxicity,  and  excep¬ 
tional  stability,  which  perfectly  matches  with  the  needs  to  replace 
LiCoC>2  [6,7].  However,  a  major  limitation  of  this  material  is 
its  poor  rate  performance,  because  of  its  low  electronic  con¬ 
ductivity  [8-1 1].  Current  research  on  LiFeP04 -based  materials 
aims  towards  improving  the  rate  performance  by  reducing  its 
particle  size  and  by  effective  carbon  coating  [8-11].  Various 
synthesis  methods  such  as  sol-gel,  co-precipitation,  carbother- 
mal  reduction,  etc.  have  been  utilized  to  optimize  the  particle 
size  ofLiFeP04,  and  positive  results  have  been  reported  [8-13]. 


*  Corresponding  author.  Tel.:  +49  61  51  16  63  53;  fax:  +49  61  51  16  63  08. 
E-mail  address:  bhuvana.siva@gmail.com  (M.S.  Bhu vanes wari). 

0378-7753/$  -  see  front  matter  ©  2008  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2008.01.090 


Different  organic  additives  for  carbon  coating  around  LiFeP04 
particles  and  cation  doping  into  the  olivine  structure  have 
also  been  tried  to  enhance  the  intrinsic  electronic  conductiv¬ 
ity  of  LiFeP04  [14,15].  Hu  et  al.  reported  that  the  structure  of 
the  residual  carbon  on  the  LiFeP04  particles  is  important  for 
the  electrochemical  performance  [14].  Zaghib  et  al.  reported 
that  a  critical  factor  towards  improving  the  performance  is 
the  carbon  content  in  the  electrode,  which  is  related  to  elec¬ 
trical  conductivity  and  networking  between  particles  [16].  A 
new  approach  to  enhance  the  effects  of  carbon  content  and 
coating  of  LiFeP04  particles  is  reported  here,  based  on  the  addi¬ 
tion  of  functionalized  Carbon  Nano  Fibers  (CNFs)  during  the 
sol-gel  synthesis  of  LiFeP04.  It  has  been  reported  in  litera¬ 
ture  [17]  that  carbon  is  found  efficient  to  reduce  the  resistivity 
of  LiFeP04  if  sp3  bonding  in  carbon  is  very  small  hence  in 
the  present  study  Carbon  Nano  Fiber  has  been  used  instead 
of  amorphous  carbon.  It  has  been  found  that  the  functional¬ 
ized  CNFs  can  be  coated  with  LiFeP04.  For  comparison,  pure 
LiFeP04  has  also  been  prepared  by  a  non-aqueous  sol-gel 
method.  LiFeP04 -coated  CNF  electrodes  without  additional 
carbon  black  show  excellent  electrochemical  performance  and 
are  compared  to  electrodes,  prepared  from  pure  LiFeP04  with 
additional  carbon  black.  The  samples  have  been  characterized 
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by  thermogravimetric-differential  thermal  analysis  (TG-DTA), 
XRD,  SEM,  Raman  spectroscopy,  XPS  and  electrochemical 
analyses. 

2.  Experimental 

LiFePCU  has  been  prepared  from  a  mixture  of  Li(CH3 
C00)-2H20  (lithium  acetate),  Fe(CH3COO)2  (iron  acetate), 
H3PO4  (phosphoric  acid)  and  ethylene  glycol.  The  synthesis 
conditions  reported  by  Yang  et  al.  with  slight  modifications 
have  been  adopted  [13].  The  precursors  were  dissolved  in  ethy¬ 
lene  glycol  at  a  molar  ratio  of  1 : 1 : 1 .  After  rigorous  stirring  the 
resulting  gel  has  been  heat  treated  at  700  °C  with  a  heating  rate 
of  10°Cmin-1  in  argon  atmosphere  for  12  h  (here  after  to  be 
named  as  pure  FiFePCU). 

The  functionalization  of  pyrolytically  stripped  Carbon  Nano 
Fibers  (commercial  grade  from  Electrovac  AG,  Austria,  with 
a  diameter  and  length  of  100-200  nm  and  >20  [xm,  respec¬ 
tively)  was  achieved  by  treating  the  Carbon  Nano  Fiber  with 
cone.  HNO3  at  70  °C  for  24  h.  After  treatment  the  suspension 
of  C-Fibers  in  HNO3  was  diluted  with  deionized  water,  filtered, 
washed  with  water  and  dried  at  110°C  in  open  air  atmosphere 
(here  after  the  acid  treated  Carbon  Nano  Fiber  to  be  named 
simply  as  CNF). 

10wt.%  of  CNF  has  been  added  with  the  same  precursors 
used  for  preparing  pure  FiFePCU  during  sol-gel  preparation, 
and  the  sol-gel  has  been  stirred  for  one  week  in  order  to  get 
better  contact  of  FiFePC>4  particles  with  CNF.  The  gel  has 
been  heat  treated  at  600  °C  with  a  heating  rate  of  10  °C  min-1 
in  argon  atmosphere  for  12  h  (here  after  will  be  named  as 
FiFeP04-CNF). 

TG-DTA  measurements  have  been  performed  (TGA92- 
Setaram)  from  0  to  1000  °C  at  a  heating  rate  of  10°Cmin-1 
under  argon  atmosphere.  The  samples  were  tested  by  X-ray 
powder  diffraction  using  a  STOE  STADI/P  powder  diffrac¬ 
tometer  (Mo  Kai  radiation).  A  scanning  electron  microscope 
Philips  XF  30  FEG  has  been  used  to  observe  the  parti¬ 
cles  morphology.  To  determine  the  carbon  content  elemental 
analysis  has  been  performed  using  VarioEF  III  CHN  elemen¬ 
tal  analyzer.  Raman  measurements  have  been  carried  out  by 
Fabram  800  HR  open  microscope  from  Horiba  Jobin  Yvon 
with  a  laser  wavelength  of  488  nm.  The  XPS  studies  have  been 
performed  using  an  Escalab  250  Spectrometer  with  a  monochro- 
matized  Al  anode.  Electrochemical  studies  were  carried  out 
with  a  multichannel  potentiostatic-galvanostatic  system  VMP 
(PerkinElmer  Instruments,  USA).  Swagelok-type  cells  were 
assembled  in  an  argon-filled  dry  box  with  water  and  oxygen 
contents  less  than  1  ppm.  A  pure  FiFePCU  cathode  compos¬ 
ite  has  been  fabricated  as  follows:  60%  active  material,  25% 
acetylene  carbon  black  and  15%  PTFE  as  binder  were  inti¬ 
mately  mixed,  ground  in  an  agate  mortar  and  pressed  onto  an 
Al-mesh  (resulting  electrodes  contain  about  3  mg  of  active  com¬ 
pound).  The  FiFeP04-CNF  cathode  consists  of  90%  FiFePCU 
(10  wt.%  CNF)  and  10%  PTFE.  2.31  wt.%  and  12.29  wt.%  car¬ 
bon  (calculated  from  elemental  analysis)  contents  for  the  pure 
FiFeP04  and  the  FiFePC^-CNF  samples,  respectively,  have 
been  included  for  the  cathode  active  mass  calculation,  lithium 


metal  was  used  as  anode  and  the  electrolyte  was  1 M  FiPF6  in 
2:1EC/DMC. 

3.  Results  and  discussion 

3.1.  Functionalization  of  CNF s 

Carbon  Nano  Fibers  have  been  functionalized  by  concen¬ 
trated  HNO3  before  they  were  added  to  the  gel,  to  get  better 
adhesion  to  the  FiFePC^  particles  by  introducing  compatible 
functional  groups  on  the  Carbon  Nano  Fiber  surface  [18].  This 
treatment  with  acid  leads  to  a  partial  oxidation  of  the  surface 
and  the  formation  of  oxidized  groups  like  C— OH-  or  C=0. 
The  functionalization  has  been  confirmed  by  Raman  and  XPS 
analyses. 

3.1.1.  Raman  analysis 

The  Raman  spectra  of  pristine  CNF  and  HNO3  treated  CNF 
are  shown  in  Fig.  1 .  The  band  in  the  region  of  2500-2900  cm-1 
is  the  second  order  D-band  (D*-band),  which  depends  on  the  3- 
dimensional  packing  scheme.  The  group  of  peaks  observed  in  the 
range  of  1550-1660  cm-1  is  called  the  graphite  band  (G-band), 
which  is  most  pronounced  for  a  high  degree  of  symmetry  and 
ordered  structure  in  a  carbon  material.  The  bands  observed  from 
1250  to  1450  cm-1  corresponds  to  a  disorder-induced  phonon 
mode  (D-band)  with  a  high  intensity  for  disordered  carbon  mate¬ 
rials.  The  relative  intensities  7d//g  and  /d*/7g  can  be  used 
qualitatively  to  characterize  the  order  of  carbon  materials  and  are 
also  a  measure  for  the  amount  of  carbon  defects  in  the  nanofibers 
due  to  the  presence  of  functional  groups  [19,20].  Higher  ratios 
of  /d//g  or  7D*  /Iq  correspond  to  a  lower  degree  of  order  in  the 
CNFs  [19].  The  characteristic  Raman  bands  observed  for  pris¬ 
tine  and  HNO3  treated  CNF  are  tabulated  in  Table  1.  The  7d//g 
ratio  for  HNO3  treated  CNFs  is  high  compared  to  the  pristine 
CNFs  which  confirms  the  functionalization  of  the  Carbon  Nano 
Fibers,  an  important  factor  for  networking  FiFePC>4  particles 
with  the  surface  of  Carbon  Nano  Fibers. 
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Table  1 

Raman  wave  numbers  and  corresponding  band  assignments  for  pristine  and  functionalized  CNFs 
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Sample 

D  line  (cm  1 ) 

G  peak  (cm  x) 

D*  peak  (cm  l) 

D/G  value  (cm  x) 

D*/G  value  (cm  l) 

Pristine  CNF 

1349.2 

1570.3 

2698.9 

0.394 

0.116 

Functionalized  CNF 

1358.1 

1575.0 

2703.9 

0.490 

0.179 

LiFeP04-CNF 

1336.4 

1578.8 

2651.9 

0.400 

0.146 

3.1.2.  XPS  analysis 

The  XPS  survey  spectra  of  pristine  CNF  and  functional¬ 
ized  CNF  (not  shown)  indicates  that  carbon  and  oxygen  are 
the  dominant  species  comprising  the  carbon  fiber  surfaces. 
The  corresponding  high  resolution  carbon  Cls  and  oxygen 
Ols  XPS  spectra  are  shown  in  Fig.  2a  and  b,  respectively. 
The  Cls  spectrum  of  pristine  CNFs  shows  the  graphitic  car¬ 
bon  peak  at  284.6 eV.  The  Cls  spectrum  of  pristine  CNF 
is  asymmetric  in  nature  and  the  Ols  peak  has  been  decon¬ 
volved  into  two  main  peaks,  corresponding  to  C=0  groups 
(-531.1  eV)  and  C-OH  groups  (-532.7  eV)  [21].  This  indi¬ 
cates  that  the  pristine  CNFs  have  already  been  oxidized  to 
an  appreciable  extent,  a  normal  behavior  of  Carbon  Nano 
Fibers  [21].  The  HNO3  treated  CNFs  indicate  a  significant 
change  in  the  XPS  spectra  of  carbon  Cls  and  oxygen  Ols 
compared  to  pristine  CNFs.  Considering  the  Cls  profile,  the 
main  emission  (284.6  eV)  broadens  towards  higher  binding 
energy  (B.E.)  and  there  is  clearly  enhanced  emission  of  a  fea¬ 
ture  near  288  eV.  The  former  observation  is  consistent  with  an 
increased  presence  of  hydroxyl  groups,  whereas  the  latter  trend 
is  consistent  with  an  increase  in  the  relative  amount  of  car¬ 
boxyl  functional  groups  [21].  The  Ols  spectra  become  more 
asymmetric  and  broader  towards  lower  binding  energy,  consis¬ 
tent  with  an  increase  in  the  relative  proportion  of  C=0  and 
C-OH  groups  [21].  The  0/C  atomic  ratio  of  pristine  CNFs 
and  HNO3  treated  CNFs  are  —0.02  and  —0.234,  respectively. 
The  increase  in  the  O/C  atomic  ratio  confirms  the  function¬ 
alization  of  Carbon  Nano  Fibers  by  HNO3  acid  treatment 
[22]. 

3.2.  Synthesis  and  characterization  of  pure  LiFeP04  and 
LiFeP04-CNF 

3.2.1.  TG-DTA  analysis 

Fig.  3  shows  the  thermogravimetric-differential  thermal 
analysis  curves  for  the  sol-gel  precursors  of  pure  LiFeP04. 
The  TG  curves  indicate  one  sharp  mass-loss  peak  between 
129  and  245  °C  (Am/m  =  83.18  wt.%).  This  mass-loss  process 
is  related  to  exothermic  and  endothermic  peaks  in  the  DTA 
curve.  The  exothermic  peaks  at  96.6,  218.6,  330.4  and  422.3  °C 
are  due  to  the  thermal  decomposition  of  ethylene  glycol  and 
acetate  precursors.  The  endothermic  peaks  observed  at  325.9  and 
368.5  °C  correspond  to  the  elemental  carbon  formation  [23-25]. 
An  endothermic  peak  has  been  observed  at  422.3  °C  for  pure 
LiFePC>4,  but  no  appreciable  weight  loss  is  observed  in  the 
TG  curve  above  245  °C,  suggesting  that  the  crystallization  of 
LiFePC>4  takes  place  at  this  temperature.  A  single  phase  with  an 
ordered  olivine  structure  will  be  realized  even  at  550  °C,  but  the 


effective  amorphous  carbon  coating  from  the  precursors  (with¬ 
out  the  addition  of  CNF)  will  be  obtained  when  the  samples  were 
heat  treated  at  700  °C,  hence  the  synthesis  temperature  for  pure 
LiFePCU  has  been  chosen  as  700  °C  [4,13].  The  synthesis  tern- 
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Fig.  2.  XPS  spectra  (a)  in  the  region  of  Cls  for  pristine  and  HNO3  treated  CNF; 
(b)  in  the  region  of  Ols  for  pristine  and  HNO3  treated  CNF. 
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Fig.  3.  TG/DTA  curves  of  LiFePC>4  obtained  under  argon  atmosphere  at  a 
heating  rate  of  10  °C  min-1 . 

perature  for  LiFePC^-CNF  has  been  chosen  as  600  °C  as  we  are 
not  interested  in  amorphous  carbon  coating  for  LiFePCU-CNF 
samples. 

3.2.2.  XRD  analysis 

The  XRD  patterns  for  pure  LiFePC>4  (Fig.  4a)  and 
LiFePCU-CNF  (Fig.  4b)  indicate  the  good  crystalinity  of 
samples.  All  reflections  can  be  indexed  based  on  the  orthorhom¬ 
bic  LiFePC>4  crystallizing  in  the  space  group  Pnma.  A 
slight  contribution  from  the  amorphous  part  can  be  identi¬ 
fied  in  the  diffraction  pattern  of  LiFeP04-CNF  composite, 
which  can  be  attributed  to  the  presence  of  amorphous  C- 
Fibers  in  the  sample.  The  olivine-like  structure  was  confirmed 
by  Rietveld  analysis  performed  with  the  structural  model 
taken  from  Ref.  [26].  The  unit  cell  parameters  obtained  for 
LiFeP04  {a  -  10.3281(3)  A,  b  =  6.0080(2)  A,  c  =  4.6947(1)  A) 
and  for  LiFeP04-CNF  (a  =  10.3314(7)  A,  b  =  6.0064(4)  A, 
c  =  4.6996(4)  A)  are  in  a  good  agreement  with  the  ones  reported 
in  literature  [26] . 


2theta(degrees) 


Fig.  4.  Rietveld  refinement  of  (a)  LiFePC>4  and  (b)  LiFeP04-CNF  samples 
prepared  by  a  non-aqueous  sol-gel  method. 


3.2.3.  SEM 

The  scanning  electron  micrographs  of  pure  LiFePC>4  are 
shown  in  Fig.  5a  and  b.  The  SEM  pictures  indicate  the  agglom¬ 
eration  of  particles  and  grain  dimensions  of  about  500  nm 


to  1  ptm.  The  SEM  pictures  of  LiFePCU-CNF  are  shown  in 
Fig.  6a  and  b,  which  indicate  a  non-homogeneous  coating 
of  LiFePC>4  particles  smaller  than  200  nm  over  Carbon  Nano 
Fibers.  The  reduction  in  particle  size  in  comparison  with  pure 


Fig.  5.  (a  and  b)  SEM  images  of  CNF  free  LiFePC>4. 
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Fig.  6.  (a  and  b)  SEM  images  of  CNF  added  LiFePC>4. 


LiFeP04  is  mainly  due  to  the  lower  synthesis  temperature  for 
LiFeP04-CNF. 

3.2.4.  Raman  analysis 

The  Raman  spectra  of  LiFeP04  and  LiFeP04-CNF  are 
shown  in  Fig.  7.  The  carbon  lines  at  1339.3  and  at  1579.7  cm-1 
are  significantly  screened  by  the  characteristic  Raman  lines  for 
both  the  pure  LiFeP04  and  the  LiFeP04-CNF  samples.  The 
weak  carbon  lines,  which  appear  for  “pure”  LiFeP04  are  due  to 
the  presence  of  residual  carbon  from  the  organic  precursors.  The 
intramolecular  stretching  modes  of  P043-  are  recorded  at  581, 
987.5  and  1051  cm-1 .  Only  a  slight  difference  in  the  characteris¬ 
tic  Raman  wave  numbers  (shifted  by  4-6  cm-1)  of  LiFeP04  has 
been  observed  between  pure  LiFeP04  and  LiFeP04-CNF  sam¬ 
ples  due  to  interactions  with  the  CNFs.  LiFeP04-CNF  shows  a 
second  order  D-band  (D*).  The  intensity  ratios  D/G  and  D*/G 
have  been  calculated  and  are  also  tabulated  in  Table  1 .  The  D/G 
and  D*/G  values  of  LiFeP04  with  10  wt.%  CNF  are  higher  when 
compared  to  pristine  CNFs  but  lower  than  for  the  HNO3  treated 
CNFs.  An  intermediate  value  for  LiFeP04-CNF  is  expected, 
because  in  addition  to  the  10  wt.%  CNFs  amorphous  carbon  is 
also  present  from  the  organic  precursors.  These  intensity  ratios 
are  not  reliable  to  evaluate  the  sp3  and  sp2  content  in  samples 
with  amorphous  carbon  in  it  [17]. 


0  1000  2000  3000 

Raman  shift  (cm’1) 


Fig.  7.  Raman  spectra  of  pure  LiFePC>4  and  LiFeP04-CNF  samples. 


3.2.5.  XPS  analysis 

The  XPS  spectra  of  pure  LiFeP04  and  LiFeP04-CNF  sam¬ 
ples  in  the  binding  energy  range  of  Ols,  Cls  and  P2p  are  shown 
in  Figs.  8  and  9  respectively.  Their  corresponding  binding  ener¬ 
gies  are  tabulated  in  Table  2.  The  LiFeP04-CNF  sample  shows 
the  appearance  of  a  shoulder  at  higher  binding  energies  of  Ols 
spectra  which  is  absent  for  the  pure  sample.  We  therefore  assign 
this  emission  to  the  oxidation  modified  CNT  containing  C=0 
and  C— OH  surface  moieties  [22].  The  main  emission  represents 
the  LiFeP04  oxide  ions  in  LiFeP04.  The  carbon  Cls  line  is 
deconvoluted  into  three  contributions  for  both  the  CNF  free 


Fig.  8.  XPS  spectrum  in  the  region  of  P2p,  Cls,  Ols  for  pure  LiFeP04. 


558 


M.S.  Bhuvaneswari  et  al.  /  Journal  of  Power  Sources  180  (2008)  553-560 


Fig.  9.  XPS  spectrum  in  the  region  of  P2p,  Cls,  Ols  for  LiFeP04-CNF. 


and  CNF  added  samples.  The  graphitic  carbon  emission  for 
LiFePC>4-CNF  sample  is  observed  at  284.7  eV.  The  asymmetric 
behavior  of  the  Cls  line  for  pure  LiFePC^  is  due  to  the  pres¬ 
ence  of  amorphous  carbon,  as  observed  in  Raman  analysis.  The 
P2p  emission  corresponds  to  the  PC>43~  group  and  the  Fe/P  ratio 
(1.06)  is  consistent  with  the  compound  stoichiometry  for  both 
pure  LiFePCU  and  LiFePCU-CNF  samples  [27]. 

The  XPS  spectra  in  the  region  of  Fe2p  for  pure  FiFePC^ 
and  LiFePC>4-CNF  samples  are  shown  in  Fig.  10.  The  binding 


Fig.  10.  XPS  spectrum  in  the  region  of  Fe2p  for  pure  LiFeP04  and 
LiFeP04-CNF. 

energy  scale  is  presented  as  measured.  A  single  low  intensity 
peak  on  the  low  binding  energy  side  of  the  envelope  is  due  to  the 
formation  of  Fe  ions  with  a  lower  than  normal  oxidation  state  by 
the  production  of  defects  in  neighboring  sites  [28].  For  transition 
metal  ions  with  partially  filled  d-states  the  appearance  of  satellite 
peaks  (mentioned  as  shoulder  peaks  in  literature)  is  a  character¬ 
istic  feature,  and  for  our  samples  we  observe  this  satellite  peaks 
along  with  the  main  Fe2p  peaks  at  higher  binding  energies  of 
Fe2p  (Table  2).  The  Fe2p  emission  is  consistent  to  previously 
published  spectra  of  LiFeP04.  The  main  and  the  satellite  binding 
energy  positions  of  the  Fe2p  peaks  perfectly  match  with  the  B.E. 
positions  reported  in  literature  and  are  characteristic  for  Fe2+ 
cations.  Normally  the  B.E.  separation  between  the  Fe2p  main 
peak  and  satellite  peak  indicates  the  Fe2+  and  Fe3+  contribution 
in  the  sample.  In  comparison  to  spectra  obtained  for  oxides  the 
feature  of  the  2p3/2  emission  can  be  assigned  to  a  dominant  con¬ 
tribution  of  Fe  in  its  normal  2+  oxidation  state  [29-31].  For  our 
samples  the  B.E.  separation  between  the  Fe2p  main  peak  and 
the  satellite  peak  for  pure  LiFePCU  and  LiFeP04-CNF  samples 
is  nearly  6  eV,  which  confirms  that  only  Fe2+  contributions  are 
present  in  the  sample.  For  Fe3+  contributions  the  energy  sep¬ 
aration  between  main  and  satellite  peaks  would  be  8eV  [31]. 
We  were  not  able  to  deconvolute  the  main  emission  line  as 
reported  in  [30]  further  due  to  limited  resolution  of  the  spec- 


Table  2 

XPS  binding  energies  of  various  atoms  for  pure  LiFeP04  and  LiFeP04-CNF 


Elements 

Pure  LiFeP04  (eV) 

LiFeP04-CNF  (eV) 

Assignments 

Oxygen 

531.3 

531.5 

LiFeP04 

(Ols) 

533.0 

CNT  (C-OH,  C=0) 

Carbon 

284.2 

284.2 

CNT 

(Cls) 

286.1 

285.6 

CNT-OH 

288.2 

289.3 

CNT-CO 

Phosphorus  (P2p) 

133.4 

133.5 

po4 

Iron  (Fe2p) 

709.6 

707.6 

Defects 

Fe2p3/2 

712.6 

710.5 

Fe2+ 

718.3 

716.7 

Satellite 

Fe2pi/2 

726.0 

724.1 

Fe2+ 

732.7 

730.2 

Satellite 
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tra;  despite  the  principle  resolution  power  of  our  setup  is  below 
0.4  eV.  This  is  probably  due  to  some  inhomogeneity  effects  in 
slight  charging  and/or  crystalline  quality  of  our  samples.  A  more 
detailed  analysis  of  the  photoemission  feature  will  be  performed 
in  future  experiments  also  considering  the  charges  in  oxidation 
states  during  charging  (Li  deintercalation). 

3.2.6.  Electrochemical  measurements 

Electrochemical  measurements  have  been  performed  for  pure 
LiFePCL  and  LiFePCL-CNF  samples.  The  elemental  anal¬ 
ysis  for  pure  LiFePCL  indicates  the  presence  of  2.3wt.% 
of  carbon  content  in  the  sample  and  has  been  included  in 
the  calculation  of  the  active  mass.  12.3  wt.%  of  carbon  con¬ 
tent  for  the  LiFeP04-CNF  sample  has  two  origins,  10  wt.% 
from  the  functionalized  CNFs  (known  amount)  and  around 
2.3  wt.%  from  amorphous  carbon,  as  calculated  from  elemen¬ 
tal  analysis.  Hence  12.3  wt.%  carbon  has  been  included  for 
active  mass  calculation  for  the  LiFePCL-CNF  cathode  sample. 
Fig.  11a  and  b  shows  the  potential  versus  composition  curves  of 
LiFePCL  and  LiFePCL-CNF  electrode  at  0.5C  rate  respectively. 
Fig.  12  represents  the  cycling  performance  of  pure  LiFePCL 
and  LiFeP04-CNF  samples.  The  results  indicate  that  the  highly 


Fig.  11.  Potential-composition  curves  of  (a)  LiFePCU  at  0.5C  and  (b) 
LiFePQ4-CNF  at  0.5C. 


ordered  pyrolytically  stripped  Carbon  Nano  Fibers  improve  the 
electrochemical  performance  of  LiFePCL-CNF  cathodes  with 
low  carbon  content  (~10  wt.%)  in  comparison  with  amorphous 
carbon  black  (~25  wt.%)  added  to  pure  LiFePCL.  The  specific 
structure  of  the  carbon  additives  plays  a  dominant  role  for  the 
resulting  electrochemical  performance  [14].  Currently  interface 
studies  on  the  electrochemical  behavior  of  LiFePCL-CNF  by  in 
situ  XPS  and  investigations  of  the  rate  capability  are  in  progress. 

4.  Conclusion 

LiFePCL  particles  coated  over  CNF  fibers  have  been  synthe¬ 
sized  by  a  sol-gel  method.  An  oxidative  wet  functionalization 
of  Carbon  Nano  Fibers  by  concentrated  HNO3  gives  bet¬ 
ter  adhesion  of  LiFePCL  particles  on  the  CNF  surfaces.  The 
functionalized  Carbon  Nano  Fiber  added  LiFePCL  shows  bet¬ 
ter  electrochemical  performance  compared  to  acetylene  black 
added  LiFePCL  even  though  the  coating  is  not  homogeneous. 
The  results  indicate  that  the  specific  structure  of  the  compos¬ 
ite  electrode  induced  by  the  CNT  plays  a  significant  role  in 
enhancing  the  electrochemical  performance  of  LiFePCL-CNF 
with  simultaneously  reduced  carbon  content,  which  is  important 
for  their  practical  use.  The  improved  performance  is  probably 
due  to  the  high  electronic  conductivity  of  the  cathode  material 
due  to  the  CNF  addition  and  the  efficient  contact  between  elec¬ 
trochemical  active  particles  and  the  electronic  conducting  CNFs. 
The  nanosized  composite  shortens  the  diffusion  paths  for  lithium 
ions,  increases  the  diffusion  rate  and  results  in  better  kinetic 
conditions  in  the  electrode  material.  A  more  uniform  coating  of 
LiFePCL  over  the  CNF  layers  is  the  next  step  to  approach  the 
theoretical  capacity  over  large  cycle  numbers  at  high  charging 
rates  and  with  low  carbon  content. 
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